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Galactic cosmic ray variations associated with February
2022 “Starlink” magnetic storms observed with global
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A bunch of Starlink satellites was launched after the peak of the first magnetic storm at 18:13
(UT) on February 3, and 38 of the 49 satellites re-entered the atmosphere during the succeeding
second moderate magnetic storms. A global network of the ground-based multidirectional muon
detectors, the Global Muon Detector Network (GMDN), has been continuously monitoring the
intensity of cosmic rays arriving at Earth. Neutron monitors (NMs) are also monitoring cosmic ray
variations in different energy ranges. In this paper, we analyze the cosmic ray decreases associated
with the interplanetary shock and coronal mass ejections (ICMEs) which caused the sequence of
“Starlink” magnetic storms observed with GMDN and NMs.
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1. Introduction

Galactic cosmic ray (GCR) flux transiently varies with the solar storm. Ground-based cosmic
ray observations, specifically observations in global network, provide us the information about
GCR density and anisotropy during those storms hitting the Earth. This information helps us to
understand various space weather events.

On February 3, 2022, there was an incident that Starlink satellites of SpaceX re-entered the
aerospace after their launch. This incident is caused by unexpected second disturbances in the
Earth’s magnetic field [1]. Kataoka et al.(2022)[1] suggested the possibility from solar wind
parameters that there were two flux ropes. A schematic view of their model and reference data
(magnetic field, solar wind, and Dst-index) are shown in Figure 1 and 2, respectively. As shown
in Figure 2, Kataoka et al.(2022) defined the shock-sheath (blue shaded), the first flux rope (FR1;
yellow shaded), and the second flux rope (FR2; orange shaded) periods[1]. We analyze neutron
monitor (NM) network and Global Muon Detector Network (GMDN) data recorded during this
event to study variations in cosmic ray density and anisotropies. We report the preliminary results
of the analysis.

Figure 1: Schematic illustration of two flux ropes encountering the Earth by [1]

Figure 2: Magnetic field data and solar wind data.
From top to bottom, each panel displays the magnitude of the interplanetary magnetic field, the solar wind
speed, and the Dst index. The GSE-𝑧 component of the magnetic field is indicated by red curves in the top
panel. Blue, yellow, and orange shaded periods indicate the shock-sheath, FR1, and FR2 periods defined by
[1], respectively. The vertical blue lines in all panels indicate the launch time of Starlink satellites.

2



P
o
S
(
I
C
R
C
2
0
2
3
)
1
3
4
4

GCR variations on "Starlink" event with NM network and GMDN Y. Masuda

2. Data and Analysis

The GCR density and anisotropy are obtained by using hourly count rates observed by the
NM network and the GMDN. Cosmic ray intensity variations in different rigidity regions can be
monitored with the NM network and the GMDN. A cosmic ray density, first-order anisotropy, and
second-order anisotropy are obtained separately, each as a function of time and the rigidity of
primary cosmic rays, by fitting a model function to each of the observed count rates.

2.1 Cosmic ray data

We analyze hourly count rates recorded during 27 days between 22:00 (UT) on January
19 and 21:00 (UT) on February 15. They are 89 hourly count rates recorded by 20 NMs and
69 directional channels of the GMDN (hereafter MDs) and available on websites (NMDB :
http://www01.nmdb.eu/, PSNM : http://www.thaispaceweather.com/, GMDN : https:
//cosray.shinshu-u.ac.jp/crest/DB/Documents/documents.php, see also [2]). The NM
cosmic ray data available from these websites are all corrected for atmospheric pressure. The
MD data are corrected not only for the atmospheric pressure but also for the atmospheric tem-
perature effect by applying the method developed by [3]. This method uses the mass-weighted
temperature calculated from the vertical profile of the atmospheric temperature provided by the
Global Data Assimilation System (GDAS) of the National Center for Environmental Prediction
(http://www.ready.noaa.gov). Table 1 lists NMs and MDs used in this paper with their char-
acteristics. Our calculations of the median primary rigidity 𝑃𝑚, latitude and longitude of the
asymptotic viewing direction (𝜆𝑎𝑠𝑦𝑚𝑝 and 𝜙𝑎𝑠𝑦𝑚𝑝), and the response functions used in our calcula-
tions are described in [4]. These 20 NMs are selected to maximize the range of viewing directions
with less overlapping directions.

We particularly include the data from the PSNM (Princess Sirindhorn NM in Thailand) in
operation at the world-highest cut-off rigidity 𝑃𝑐. The average 𝑃𝑚 weighted by the count rate is
14.9 GeV for 20 NMs and 65.4 GV for 69 MDs. Therefore, there is a factor of 4.4 difference
between the average 𝑃𝑚 monitored by these 20 NMs and 69 MDs. This motivates the present work
to derive the rigidity spectrum of the GCR variation by analyzing NM and MD data altogether.
Since 𝑃𝑚 of PSNM is 34.6 GV, at nearly half way between 𝑃𝑚 values monitored by 20 NMs and
69 MDs, PSNM data may play an important role in evaluating analyses of the rigidity dependence.

2.2 Analysis

We model the observed count rate, 𝐼𝑖, 𝑗 (𝑡) in the 𝑗-th directional channel of the 𝑖-th detector, as

𝐼
𝑓 𝑖𝑡

𝑖, 𝑗
(𝑡) = 𝐼𝐶𝐺

𝑖, 𝑗 (𝑡)

+
2∑︁

𝑛=0

𝑛∑︁
𝑚=0

{𝜉𝑛,𝑚𝑐 (𝑡) (𝑐𝑛,𝑚
𝑖, 𝑗

cos𝑚𝜔𝑡𝑖 − 𝑠
𝑛,𝑚
𝑖, 𝑗

sin𝑚𝜔𝑡𝑖) + 𝜉𝑛,𝑚𝑠 (𝑡) (𝑠𝑛,𝑚
𝑖, 𝑗

cos𝑚𝜔𝑡𝑖 + 𝑐
𝑛,𝑚
𝑖, 𝑗

sin𝑚𝜔𝑡𝑖)},

(1)

where 𝜉
0,0
𝑐 (𝑡) is the cosmic ray density (or isotropic intensity), 𝜉𝑛,𝑚𝑐 (𝑡) and 𝜉

𝑛,𝑚
𝑠 (𝑡) for 1 ≤ 𝑛 ≤ 2,

0 ≤ 𝑚 ≤ 𝑛 are the components of cosmic ray anisotropy in the GEO coordinate system, 𝑡𝑖 is the
local time in hour at the 𝑖-th detector, 𝑐𝑛,𝑚

𝑖, 𝑗
and 𝑠

𝑛,𝑚
𝑖, 𝑗

are the coupling coefficients which relate
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Table 1: Characteristics of NMs and MDs

Station name 𝑃𝑐(GV) 𝑃𝑚(GV)

20 NMs
APTY 0.7 15.0
ATHN 8.5 22.8
BKSN 5.6 16.7
CALM 7.0 20.4
DRBS 3.2 15.5
FSMT 0.3 15.1
INVK 0.3 15.1
IRK2 3.6 14.0
KERG 1.1 14.9
LMKS 3.8 13.5
MXCO 8.2 20.4
NAIN 0.3 15.1
OULU 0.8 14.9
PWNK 0.3 15.1
SOPO 0.1 11.3
TERA 0.0 14.8
THUL 0.3 15.0
TXBY 0.5 14.9
PSNM 16.7 34.6
SYOW 0.4 14.9

69 MD directional channels
Nagoya (17 directional channels) 8.0-12.6 58.4-106.9
Hobart (13 directional channels) 2.5-4.0 53.1-74.0
Kuwait (13 directional channels) 8.9-14.1 61.2-104.0

São Martinho (17 directional channels) 7.1-14.1 54.3-98.4
Syowa (9 directional channels) 2.51-3.55 55.5-72.0

Note: 𝑃𝑐 and 𝑃𝑚 indicate the geomagnetic cut-off rigidity and the median rigidity of the detected
primary GCRs, respectively.

(or "couple") the observed intensity in each directional channel with the cosmic ray density and
anisotropy in space and 𝜔 = 𝜋/12. In the GEO coordinate system, we set the 𝑥-axis to the anti-
sunward direction in the equatorial plane, the 𝑧-axis to the geographical north perpendicular to
the equatorial plane, and the 𝑦-axis completing the right-handed coordinate system. 𝐼𝐶𝐺

𝑖, 𝑗
(𝑡) in

Eq.(1) is a term representing the contribution to 𝐼
𝑓 𝑖𝑡

𝑖, 𝑗
(𝑡) from the solar wind convection and the

Compton-Getting anisotropy due to the Earth’s orbital motion around Sun. The rigidity spectra
𝑔𝑛 (𝑝, 𝑡) of the density and anisotropy are nessesary to caluclate 𝑐

𝑛,𝑚
𝑖, 𝑗

and 𝑠
𝑛,𝑚
𝑖, 𝑗

. In this paper, we
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assume the single power-law spectra, as

𝑔𝑛 (𝑝, 𝑡) =
( 𝑝

𝑝𝑟

)𝛾𝑛 (𝑡 )
, (2)

where 𝑝 is the rigidity of primary cosmic rays, 𝛾𝑛 (𝑡) is the power-law index and 𝑝𝑟 is the reference
rigidity, which we set to be 15 GV and 65 GV as representative primary rigidities for NMs and
MDs, respectively.

We calculate the amplitude of the first-order anisotropy (𝐴1) as

𝐴1 =

√√√ 1∑︁
𝑚=0

{𝜉1,𝑚
𝑐 (𝑡)2 + 𝜉

1,𝑚
𝑠 (𝑡)2}, (3)

Details of this analysis are provided in [4].

3. Results

The obtained best-fit parameters (GCR density, amplitude of the first-order anisotropy, and 𝛾𝑛)
are shown in Figure 3. Color shaded periods in this figure correspond to those in Figure 2.

Figure 3: Best-fit parameters obtained from NM and MD data.
Panels (a) and (b) show the GCR density (black solid circles on the left vertical axes) and the amplitude of
the first-order anisotropy 𝐴1 (blue solid circles on the right vertical axes) at 15 GV and 65 GV, respectively.
Bottom panel (c) shows the power-law index 𝛾𝑛 (𝑛 = 0 for the cosmic ray density by black circles, 𝑛 = 1 for
the first-order anisotropy by blue circles). Color shaded periods in this figure correspond to those in Figure
2.
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The GCR density shows a decrease at both 15 GV and 65 GV in all three periods. In the
shock-sheath, the GCR density at 65 GV recovers to ~0% after the minimum, and then decreases
again in FR1. On the other hand, the density at 15 GV recovers only to -0.4% in the shock-sheath
before decreasing in FR1. The ratio of the maximum density decrease at 15 GV to that at 65GV
in the shock-sheath is 3.4 indicating a spectrum with negative 𝛾0. The same ratio of maximum
decreases in FR1 is 1.7 indicating a harder spectrum than in the shock-sheath.

The amplitude of the first-order anisotropy (𝐴1) at 65 GV is almost always smaller than that at
15 GV. 𝐴1 at 15 GV exceeds 1% at the beginnings of the shock-sheath and FR1 and at the ending
of FR1 and FR2. While similar variations are observed in 𝐴1 at 15 GV in FR1 and FR2, there is no
notable variation of 𝐴1 at 65 GV seen in FR2.

In the shock-sheath, 𝛾0 decreases in the first half and remains almost constant in the second
half. On the other hand, it remains almost constant in the first half and increases in the second
half in FR1. In FR2, it increases and decreases in the first and second halves, respectively. 𝛾0

is uncertain before shock-sheath and after FR2 when the density variation is small. 𝛾1 is about 0
throughout the entire period except during 34.5 ~34.7 doy when 𝐴1 is small.

4. Summary

On February 3, 2022, medium magnetic storms occurred and caused Starlink satellites’ re-entry
into the atmosphere (SpaceX. (2022)). In this paper, we analyzed NM network and GMDN data
and deduced variations of the cosmic ray density and anisotropy during the event. Specifically, the
cosmic ray density and anisotropy and their power-law spectral indices 𝛾𝑛 were calculated every
hour. In this “Starlink” event, the GCR density was decreasing in three periods, the shock-sheath,
FR1, and FR2 periods. 𝛾0 and the amplitude of the first-order anisotropy (𝐴1) behaved similarly in
FR1 and FR2 periods. These imply that large local magnetic structures existed suppressing GCR
density inside FR1 and FR2 supporting the two flux ropes structure suggested by [1].
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